We consider that the direct production of a single neutralino in proton-proton collision at the CERN Large Hadron Collider focusing on the lightest neutralino is possibly a candidate for the dark matter and escapes detection. We present a comprehensive investigation of the dependence of total cross sections of the processes pp(qq) 
I. INTRODUCTION
The supersymmetric (SUSY) theories [1] have long been one of the leading candidates for new physics beyond the Standard model (SM). They postulate the existence of SUSY particles (sparticles) whose spin differ by one-half unit with respect to that of their SM partner [2] [3] [4] , and introducing these new particles provides solutions to the hierarchy problem. The existence of these supersymmetric particles can be determined at the Large Hadron Collider (LHC) and the International Linear Collider (ILC), who might supply the experimental facilities. However, even if most of the supersymmetric particles are produced at colliders, they will not be detected because they will eventually decay into the lightest supersymmetric particle (LSP) on condition that the R-parity [5, 6] is conserved. As consequences of the R-parity conservation, sparticles can only be created (or destroyed) in pairs and the LSP is absolutely stable, which is generally assumed to be a weakly interacting massive particle, and so making it an excellent candidate for astrophysical dark matter [7, 8] that is one of the attractive features of SUSY. In the majority of SUSY breaking models, the LSP is the lightest neutralino, and it occurs at the end of the decay chain of each supersymmetric particle. For these purposes, a detailed study of the lightest neutralino is of great importance for the theoretical and phenomenological aspects of SUSY.
Among all the supersymmetric models, the Minimal Supersymmetric Standard Model (MSSM), which is almost the direct version of the supersymmetric of the SM, has an extra Higgs doublet and general SUSY breaking soft terms. The superpartners of the Higgs doublets (Higgsinos) mix with the superpartners of the gauge bosons (gauginos) to form four Majorana mass eigenstates called neutralino χ 0 i , i = 1, 2, 3, 4 and two charged mass eigenstates called charginos χ ± j , j = 1, 2 in the MSSM. The gaugino-Higgsino decomposition of the neutralinos and charginos includes significant knowledge regarding the mechanism of the supersymmetry breaking and plays an essential role in the establishing the relic density of the dark matter [9] .
The experimental explorations of the supersymmetric particles are among the main tasks of the experimental program at hadron colliders, especially at the LHC. Up to now, the ATLAS and CMS collaborations have chiefly concentrated on seeking the production of the strongly interacting squarks and gluinos. As a result, bounds on the masses of the squarks and gluinos are pushed to higher scales [10, 11] , and the experimental attention starts to go towards the production of the electroweak slepton, neutralino and chargino.
The lower limit on the lightest neutralino mass (m χ 0
1
) is given about 46 GeV at 95% confidence level, which can be obtained from the experimental bound on chargino mass in the MSSM at the large electron positron [12] . However, this limit increases to well above 100 GeV from the strong restrictions set by the recent LHC data in the framework of the constrained MSSM (CMSSM) containing both gaugino and sfermion mass unification [13] .
In this paper, taking into account the allowed parameter space of the MSSM, we present numerical results for the single neutralino production processes in proton-proton collision at the LHC including a neutralino in the final state as follows: the associated subprocesses→ χ Refs. [14, 15] focus on gluon/squark produced in association with charginos and neutralinos at proton-proton collision; Ref. [16] discusses the feasibility of SUSY monojet production at the LHC for measuring the neutralino-squark-quark coupling; the automized the next-toleading-order QCD and SUSY-QCD corrections to the squark-neutralino production are the focus of Ref. [17] ; Refs. [18, 19] search for associated production of charginos and neutralinos, and Ref. [20] focuses on single neutralino production.
One of the important approaches of our scenario consists of the mechanism of choosing the input parameters. Unlike the above works, in our study we have recovered the SUSY Lagrangian parameters as direct analytical expressions of suitable physical masses without constraining any of them in the MSSM so that we have principally concentrated on the algebraically nontrivial inversion for the gaugino mass parameters. In other words, using two chargino masses and tanβ as input parameters, we obtain the other parameters, which are gaugino/Higgsino mass parameters, the masses and mixing matrix of neutralino as outputs.
The neutralino mass eigenstates χ ; thus, significant differences in the cross sections are to be expected for the case of a gaugino-like, higgsino-like and mixing neutralino, respectively.
As we know, a supersymmetric neutralino is the standard candidate for weakly interacting massive particles dark matter. Despite this, it is still an open problem in SUSY.
By taking this information into account, it may be argued that the calculation and analysis of the single neutralino production at proton-proton collisions within the chosen scenarios is significant from both theoretical and experimental points of view. Accordingly, we investigate the dependence of total cross sections of the single neutralino production processes on the center-of-mass energy, the M 2 -µ mass plane, the squark mass and the tan β for CMSSM, and the three extremely different scenarios in the MSSM.
The layout of the paper is as follows: In Section II, we provide analytical expressions of the amplitudes and the cross sections of the relevant subprocesses and also the corresponding couplings. In Section III, we present detailed numerical results of the cross sections for each scenario and discuss the dependence of the cross section on the MSSM model parameters.
Our conclusions are presented in Section IV. Finally, we summarize general information about the neutralino/chargino sector in the MSSM and present formulas related to obtaining neutralino masses in Appendix A.
II. ANALYTIC RESULTS OF THE CROSS SECTIONS FOR THE SINGLE NEU-TRALINO PRODUCTION
In this section, we present succinct definitions of generalized corresponding to couplings in SUSY, and analytically expressions of the relating partonic cross sections for single neutralino production. Supplemental information about neutralinos at proton-proton collisions can be acquired from the single neutralino production triggered by the following subprocesses:
These are presented for the initial partons a, b = q, q, g whose masses can be neglected.
Here, p 1 and p 2 denote the four-momentum of the initial partons, k 1 and k 2 represent the four-momentum of the two final states of a neutralino together with a gluino (or squark or chargino), respectively. We represent by k, l, m the color indices for the corresponding particles.
The Mandelstam variables for subprocesses (2.1) are given aŝ
Following the standard notation, the W -chargino-neutralino interaction vertices are proportional to couplings as follows [3] :
We neglect masses of the initial partons and generational mixing in the (s)quark sectors, the gaugino-squark-quark interaction vertices are proportional to the corresponding neutralinosquark-quark couplings [21, 22] ,
and the corresponding chargino-squark-quark couplings (for q, q
where I 3 q is the weak isospin quantum number such that I 
where
jk is a color generator, and strong coupling g s = √ 4πα s . The running strong coupling constant α s is given as follows:
where Λ is the QCD scale parameter, and n f is the number of active flavors at the energy scale Q that can be chosen as the average of the final particle masses.
The total cross sections for subprocesses can be obtained by using the following formula [23] :σ
9)
With the results from Eq. (2.9) for the relevant subprocess, the total unpolarized hadronic cross sections in proton-proton collisions at center-of-mass energy can be calculated by
with the parton luminosity
where G a/h 1 and G b/h 2 are universal parton densities of the partons a, b in the hadrons h 1 , h 2 , which depend on the longitudinal momentum fractions of the two partons
at the unphysical factorization scale µ F . We fix the factorization scale to the average mass of the final state particles,
Considering each subprocess separately, we now present analytic expressions of the amplitudes and the differential cross sections for the single neutralino production in the following subsections.
A. The subprocess→ χ 0 i g
The production of neutralino-gluino originates from quark-antiquark initial states through the tree-level Feynman diagrams shown in Fig. 1 and can be expressed as In this case, the production occurs by quark-antiquark scattering via t-channel and uchannel squark exchange in a semi-strong reaction. The tree-level contributions to the amplitude result from the two channels are 14) where the superscript c denotes "charge conjugate spinor" defined by ψ c ≡ Cψ T . In order to do the spin sums, we use the spinor completeness relations given as u = Cv T and v = Cu T for Majorana fermions [3] . The relevant couplings for this subprocess are given in Eq. (2.5).
After averaging over spins and colors in the initial state, the analytic form of the partonic differential cross section for this subprocess is obtained from these amplitudes by using the following formula:
The associated production of neutralino and squark, which can be produced via quarkgluon scattering, can be expressed through the following subprocess:
where p 1 and p 2 denote the four-momentum of the two initial-state quark and gluon, and k 1 and k 2 denote the four-momentum of neutralino and squark in the final state, respectively.
We denote by k, l and m the color indices of the quark, gluon and squark, respectively. In
Eq. (2.3), the mass m j now describes the squark mass.
The tree-level Feynman diagrams of the subprocess are displayed in Fig. 2 . This subprocess receives s-channel contribution from exchange of quark, as well as t-channel contribution via exchange of the left-and right-handed squark q L,R . The leading-level contributions to the amplitude arising from the two diagrams in Fig. 2 are
where ǫ 2 denotes the polarization vector of the initial gluon. The relevant couplings are given in Eq. (2.5). After averaging over spins and colors in the initial state, the parton-level differential cross section for this subprocess takes the form
The neutralino and chargino production, which can dominantly be produced by annihilation of quarks and antiquarks at hadron colliders as follows:
where particle labels denote the corresponding four-momentum. The kinematic is defined in arising from the three diagrams in Fig. 3 are
In order to obtain the cross section for this subprocess, one would have to calculate the couplings of the neutralino-quark-squark, chargino-quark-squark and neutralino-chargino-
We summarize these couplings in Eqs.(2.4)-(2.6). The analytic form of the partonic differential cross section after spin and color averaging reads
In the above relations, the following abbreviation has been used
which is the W -boson propagator denominator. We get m W = 80.385 GeV and the width of this boson is Γ W = 2.085 GeV for calculations.
The associated production of neutralino and gluino can be produced via the collision of gluon-gluon as follows:
where p 1 and p 2 denote the four-momentum of the initial gluons, and k 1 and k 2 represent the four-momentum of the two final-state neutralino and gluino, respectively. We denote by k, l and m the color indices of gluons and gluino, respectively. This subprocess first emerges at the one-loop level. We have performed the numerical evaluation for the subprocess gg → χ 0 i g at one-loop using the Mathematica packages FeynArts [24] to calculate corresponding amplitudes, FormCalc [25, 26] to produce a complete Fortran code containing the squared matrix elements, and LoopTools [27] to perform the evaluation of the necessary loop integrals. Also, the Feynman diagrams depicted in Fig. 4 have been generated by using FeynArts. In general, the one-loop corrections to subprocess gg → χ 0 i g could be classified as vertex contributions and box contributions. The calculations of this subprocess have been carried out in the 't Hooft-Feynman gauge in which the gluon polarization sum is λ ǫ * µ (k, λ)ǫ ν (k, λ) = −g µν . For regularization of the ultraviolet divergences, we have used the constrained differential renormalization (CDR) [28] , which has been shown to be equivalent to regularization by dimensional reduction [29, 30] at the one-loop level. Therefore, a supersymmetry-preserving regularization scheme is ensured via the implementation given in Ref. [31] . We do not display the analytical results of this process due to the fact that these are too long to be included here. 
III. NUMERICAL ANALYSIS AND DISCUSSIONS
We now present numerical predictions for the cross sections of the single neutralino production in pp collisions at the LHC energies. We investigate the direct production of a single neutralino χ Table I shows the gaugino/Higgsino and neutralino masses. mechanism and are defined at the grand unified theories scale, whereas tan β and sign of the Higgs mixing parameter sign(µ) are defined at the electroweak scale. All the masses and couplings of the model from these five parameters are obtained by the evolution from the grand unified theories scale down to the electroweak scale [36] . In this case, we have computed the SUSY particle spectrum by using SoftSusy-3.3.4 package [37] . For the CMSSM 40.2.2 benchmark point, the gaugino masses M 2 and M 1 , the Higgsino mass µ, and neutralino masses are given in Table I , and the other parameters are obtained as m χ We use the MSTW2008 parton distribution functions [38] for the quark/gluon distributions inside the proton and fix the renormalization and factorization scales to the average final-state mass in our numerical calculations. For each scenario given above, we have numerically evaluated the hadronic cross sections of the single neutralino production processes involving a neutralino χ higgsino-like scenario is larger than other scenarios. As shown in Fig. 5 , the cross section of the process pp → χ 
HL (i=2) GL (i=2) MC ( about 17%, 6%, and 4 times larger than in the higgsino-like scenario, mixture-case scenario and CMSSM 40.2.2 benchmark point, respectively. Also, the cross section of the process pp → χ 0 2 q L,R in the gaugino-like scenario is 87%, 34% and 5 times larger than in the higgsinolike scenario, mixture-case scenarios and CMSSM 40.2.2 benchmark point, respectively. It can be seen from in Fig. 7(a) that the cross section of the process pp → χ 
In Table II, Additionally, it can be easily seen that the cross section for the associated production of the next-to-lightest neutralino χ 0 2 is generally much larger than the cross section for associated production the lightest neutralino χ The masses and mixing matrices of neutralino/chargino depend on the parameters M 2 and µ; therefore, it is so important to study the dependence of the cross section of the single neutralino production on these parameters. Accordingly, we plot the dependence of the total cross section of the associated process in the 
GL ( process is dominant and together t-and u-channel terms are suppressed for large squark masses. The cross sections of the single neutralino production for the squark mass 1 and 2 TeV at √ s = 8 TeV so as to facilitate precise comparisons with the experimental results are summarized in Table III . As seen from this table, the dependence of cross section on the squark mass is dominated by one of the processes, pp → χ pp → ZZ, pp → W W , and pp → tt can yield background for the 2l + / E T + jets mode. The process pp → W Z can yield background for the 3l + / E T + 0jets decay mode. Of course, all background channels could have large cross sections, but despite this it needs some additional cutoff mechanism that will help for the extraction, as mentioned above. An analysis of our calculations is shown since those background channels can have large cross sections.
It should be noted that, in our case, the background cross section is about 1-3 orders of magnitude larger than the signal. We hope the at √ s = 14 TeV with integrated luminosity L int = 100 fb −1 , total cross section of single neutralino production in the gaugino-like case could be observable at the LHC. It should be noted that some problems within E 6 model are discussed in Ref. [39] IV. CONCLUSION
In the present paper, we have concentrated on the single neutralino production processes pp → χ ∼1.65 (0.30) pb with increasing centre-of-mass energy from 7 to 14 TeV. One may argue that the investigation of these two processes for the single neutralino production at protonproton collisions is significant in both experimental and theoretical research. According to our opinion, these may be used as a probe for an experimental search on the single neutralino production in the LHC and also in the future colliders. It is clear that the results discussed in the parameter scan depend strongly on the assumptions take into consideration, like the M 2 and µ parameters. The CMSSM scenario have different character, which is more like the higgsino-like and mixture cases. In general, our scenarios dominate over the CMSSM 40.2.2 benchmark scenario. Thus, taking into account the predictions of our study in the LHC, single neutralino production processes are more likely to be observed. Observables should then be constructed addressing gluino, squark and neutralino decay channels to various numbers of leptons and jets; as such, the q → q χ 0 1 and g →χ 0 1 cascade decays to weakly interacting neutralino which escape the detector unseen. Also, we hope our results will help explain the expectation results in the LHC and future linear collider.
where (E j ) ik = δ ji δ jk . The neutralino mass eigenvalues m χ 0
which is bilinear in the fermionic fields ψ 
